White Carneau (WC) pigeons are susceptible to the development of aortic atherosclerosis, whereas Show Racer (SR) pigeons are resistant, even though there are no differences in the known risk factors, including plasma cholesterol levels, lipoproteins, blood pressure, etc. Although this suggests that the difference in atherosclerosis susceptibility between WC and SR pigeons may be mediated at the level of the arterial wall, we have yet to identify a mechanism that can account for this difference. In pigeons as in other species (including humans), macrophages play a major role in the pathogenesis of atherosclerosis. Pigeon macrophages have multiple mechanisms for the uptake of lipoproteins and the accumulation of cholesteryl esters. To date, however, no differences in lipoprotein uptake between macrophages of WC and SR pigeons have been identified that could explain the difference in atherosclerosis susceptibility. In the present study we explored the alternative hypothesis that there are differences in the rate of cholesteryl ester clearance from peritoneal macrophages isolated from the two breeds of pigeons. Cholesterol efflux studies were conducted with elicited pigeon peritoneal macrophages that were loaded with cholesteryl ester either in vitro by incubation with rabbit /3-very low density lipoprotein or in vivo by isolation of macrophages from birds fed a cholesterol-containing diet. Using these techniques we were able to load WC and SR macrophages consistently with cholesteryl esters to levels typical of arterial foam cells ( 
specific mechanisms by which macrophages become foam cells and whether genetically mediated differences in these mechanisms are responsible for the differences in susceptibility to atherosclerosis between breeds of pigeons are unknown. To date, the majority of studies on both pigeon and mammalian macrophages have focused on the mechanisms of lipoprotein uptake and metabolism to account for the formation of macrophage foam cells. 13 " 15 Recent studies from our laboratory have shown that, like mammalian macrophages, WC and SR pigeon macrophages have several potential receptormediated mechanisms for the uptake of normal and abnormal lipoproteins. 1415 In particular, pigeons have receptors similar to the mammalian scavenger and /3-very low density lipoprotein (/3-VLDL) receptors. Both of these receptors bind lipoproteins with high affinity and specificity, but with relatively low capacity. Pigeon macrophages also have a low-affinity, highcapacity binding site that takes up and degrades a number of lipoproteins and that has many characteristics that are similar to the general lipoprotein binding site described by Bachorik et al. 16 Like the scavenger receptor, this binding site is not downregulated on pigeon macrophages by cholesterol loading of cells." Studies from our laboratory have shown that macrophages from both WC and SR pigeons take up lipoproteins and accumulate cholesteryl esters via each of these receptors.
14 - 15 No consistent difference has emerged, however, between SR and WC macrophages in their ability to accumulate cholesteryl esters in vitro through these mechanisms.
An alternate mechanism by which macrophages could regulate their concentration of cholesteryl esters is by efflux of cholesterol. While the mechanism of free cholesterol efflux from a number of cell types has been studied extensively, 17 little is known about the factors that regulate the rate of clearance of cholesteryl esters from cells. When cells are loaded with cholesterol from the uptake of lipoproteins, the excess free cholesterol generated through lysosomal hydrolysis of lipoprotein cholesteryl esters is reesterified by the enzyme acyl coenzyme A:cholesterol acyl transferase (ACAT) and stored in the cell as cytoplasmic lipid droplets. 13 It has been shown in a number of cell types, including J774 cells 18 and mouse peritoneal macrophages, 19 that these lipid droplets are in a state of dynamic equilibrium in which there is a continuous cycle of hydrolysis and reesterification of the cholesteryl esters. This is known as the cholesteryl ester cycle 13 ' 18 ' 19 ; for a review, see Reference 20 . The hydrolysis reaction is mediated by a neutral cholesteryl ester hydrolase (nCEH), 1319 ' 20 whereas the reesterification reaction is mediated by ACAT. 1518 - 20 When a sufficient gradient is created at the cell surface by addition of an appropriate cholesterol acceptor to the medium, the free cholesterol generated by nCEH is transferred to the plasma membrane, where it can desorb into the aqueous environment surrounding the cells. Ultimately, this cholesterol is taken up by an acceptor in the medium. 1719 - 22 Since this process diverts the bulk of the free cholesterol away from the cellular pool of cholesterol that regulates ACAT activity, 18 
"
22 cholesterol esterification is inhibited. Hence, a variety of factors could influence the steady-state concentration of cholesteryl esters in macrophages. These include differences in both the influx and efflux of cholesterol.
In the following studies we describe techniques for the reproducible production of pigeon macrophages loaded with cholesteryl esters to concentrations found in arterial foam cells. These cells were used to test the ability of cholesteryl ester-loaded pigeon macrophages to lose cholesterol in the presence of a number of cholesterol acceptors to determine if there were differences in the rates of cholesteryl ester clearance that correlated with the differences in susceptibility to aortic atherosclerosis of WC and SR pigeons.
Methods

Materials
Male B 6 C 3 F! mice were purchased from Charles River Laboratories, Raleigh, N.C. Egg phosphatidylcholine (PC), bovine serum albumin (BSA; fatty acid free from fraction V), and EDTA were purchased from Sigma Chemical Co., St. Louis, Mo. Aprotinin and phenylmethylsulfonyl fluoride were purchased from Boehringer Mannhein Corp., Indianapolis, Ind. D-Phenylalanyl-L-prolylarginine chloromethyl ketone (PPACK) was purchased from Calbiochem Corp., San Diego, Calif. Stigmasterol was obtained from Steraloids, Wilton, N.H. Penicillin, streptomycin, Eagle's vitamins, calf serum, and Eagle's minimum essential medium (MEM) were purchased from Hazleton, Lenexa, Kan. Fetal bovine serum (FBS) was purchased from ICN/Flow, Costa Mesa, Calif., and heat inactivated before use by incubation at 56°C for 1 hour. All tissue-culture plastic ware was obtained from Corning.
Lipoproteins and Apolipoprotein (Apo) High Density Lipoprotein/PC Complexes
Pigeon /3-VLDL and pigeon low density lipoproteins (LDLs) were isolated from the plasma of WC pigeons fed a diet of commercial pigeon pellets containing 0.5% cholesterol and 10% lard for at least 1 month. Rabbit /3-VLDL was obtained from the plasma of New Zealand White rabbits (Franklin Rabbitry, Wake Forest, N.C.) fed a commercial pelleted chow diet containing 0.5% cholesterol and 5% corn oil for at least 30 days. Pigeon high density lipoproteins (HDLs) were obtained from the plasma of WC or SR pigeons fed either the cholesterol-free or the cholesterol-containing diet. Human HDL was isolated from plasma either given by human volunteers or obtained from the Red Cross. For isolation of plasma lipoproteins, blood was collected into tubes containing the following agents at the indicated final concentration: 1 mg/ml EDTA, 1 /iM PPACK, and 25 kallikrein-inhibitory units per milliliter of aprotinin. To inhibit lecithin: cholesterol acyltransferase (LCAT) activity, either 5,5'-dithiobis(2-nitrobenzoic acid) (final concentration, 0.2%) was added to the blood or phenylmethylsulfonyl fluoride at a final concentration of 0.5 mM was added to the plasma. ultracentrifugation for 48 hours at d=\.2\ g/ml. After ultracentrifugation, all lipoproteins were dialyzed extensively against a solution containing 0.9% NaCl and 0.01% EDTA. Calf lipoprotein-deficient serum (LPDS) was isolated by ultracentrifugation at d> 1.215 g/ml as described. 23 Pigeon LDL was acetylated by the procedure of Basu et al. 24 Cationized LDL was prepared 24 from LDL isolated from hypercholesterolemic pigeon plasma. The isolated lipoproteins were sterilized by filtration through a Millipore filter (0.45 jam) and stored under refrigeration at 4°C for no longer than 4 weeks before use. ApoHDL/PC vesicles that were used as cholesterol acceptors for cholesterol efflux experiments were prepared by following the procedure described by Adelman et al. 25 Briefly, human HDL was delipidated by the diethyl ether-ethanol extraction procedure of Scanu.
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The apoHDL protein was solubilized in a solution of 0.9% NaCl and 0.01% EDTA (pH 8.6) containing sodium azide (0.02% wt/vol) and stored at 4°C. The HDL apoproteins were complexed to PC by sonicating a mixture of 1 mg PC and 0.4 mg apoHDL per milliliter for 40-50 minutes at 4°C by using an intermediate-size sonicator tip (3/8-in. diameter) on a Branson Sonifier Cell Disrupter (model wl85) at 50 W. The apoHDL/PC preparation was centrifuged for 2 hours at 4°C at 36,000 rpm using an SW-40 rotor to pellet the titanium released from the sonicator tip. The apoHDL/PC vesicles were dialyzed twice for 12 hours against 6 1 each of a solution of 0.9% NaCl and 0.01% EDTA followed by another dialysis for 12 hours against 2 1 of MEM containing 4-(2-hydroxyethyl)-l-piperazine ethanesulfonic acid (HEPES, 20 mM) buffer (pH 7.4), penicillin (100 IU/ml), and streptomycin (100 /xg/ml). The apoHDL/ PC vesicles were used immediately after preparation.
Isolation and Culture of Pigeon and Mouse Peritoneal Macrophages
To obtain cells that were not loaded with cholesteryl ester, thioglycolate-elicited peritoneal macrophages were isolated from both WC and SR pigeons that were consuming a cholesterol-free diet. Pigeons were injected intraperitoneally with 6 ml of sterile 2.9% thioglycolate solution. After 48 hours the birds were killed by decapitation, and the exudate cells were isolated by peritoneal lavage with four 5-ml washes of sterile phosphate-buffered saline (PBS) containing heparin, 10 IU/ ml. The cells were pelleted by centrifugation at 40Qg for 10 minutes. Cells from six to nine birds were pooled and washed two times with HEPES-buffered MEM and resuspended in the same medium, and the total cell number was counted with a hemacytometer. Exudate cells (6-10xlO 6 ) in 0.5 ml of the same medium without serum were added to 35-mm dishes already containing 1.5 ml of 10% FBS-MEM supplemented with the following compounds at the indicated concentrations: 20 mM HEPES, 23 mM bicarbonate, Eagle's vitamins, 200 mM L-glutamine, 1.5 mg/ml glucose, 100 fig/ml streptomycin, and 100 IU/ml penicillin. This supplemented MEM, without FBS, will be referred to in this paper as "medium A." Medium A was used for all of the efflux experiments in this paper. The cells were allowed to attach to the tissue culture dishes for 4-6 hours at 37°C in a humid atmosphere with 95% air and 5% CO 2 . The cells were then washed with PBS three to five times to remove nonadherent cells. At this point, the cholesteryl ester-loading phase of the experiments was initiated by adding fresh medium A with the indicated lipoproteins to the adherent cells remaining in the dish. Previous studies have confirmed that greater than 95% of the adherent cells have the properties of macrophages. 27 All incubations for the experiments were done in a humid atmosphere with 95% air and 5% CO 2 .
To obtain macrophages that were loaded with cholesteryl esters in vivo, peritoneal exudate cells were isolated from WC and SR pigeons that had been fed the cholesterol-containing diet for at least 1 month. The procedure for isolation and culture of these cells was identical with that described above for the macrophages isolated from the birds fed the cholesterol-free diet.
Thioglycolate-elicited peritoneal macrophages were also isolated from B 6 C 3 F! mice. Mice were injected intraperitoneally with 500 fi\ of sterile 10% thioglycolate. 28 After 72 hours, the mice were killed by cervical dislocation. The cells were isolated by peritoneal lavage and subsequently cultured by following the same protocol as described for the pigeon cells, except that 3-4xlO 6 cells were initially plated into 35-mm dishes.
Experimental Design
Macrophages from normocholesterolemic pigeons or mice were loaded with cholesteryl esters in vitro by incubation for 48 hours at 37°C with medium A containing 1% FBS and one of the following lipoprotein preparations: pigeon /3-VLDL, pigeon acetylated LDL, or rabbit /3-VLDL at the protein concentrations indicated in the text or figure legends. After loading with cholesterol, the cells were washed three times with PBS and then equilibrated for 16 hours at 37°C by incubation in medium A containing 1% FBS. In experiments in which pigeon cationized LDL was used, pigeon macrophages were incubated for 24 hours in 1% FBS-MEM containing 5 /xg protein per milliliter of cationized LDL and then equilibrated for 40 hours by incubation in medium A containing 1% FBS. In experiments in which pigeon macrophages loaded with cholesteryl esters in vivo were used, the cells were maintained in culture for 64 hours at 37°C in medium A containing 1% FBS before initiation of the cholesterol efflux phase of the experiments. In this way all cells were maintained in culture for the same length of time before initiation of the cholesterol efflux phase of the experiment. At the end of the cholesteryl ester-loading and equilibration phases, the cells were washed three times with PBS and then incubated for 24-48 hours at 37°C with one of the following cholesterol acceptors at the protein concentrations indicated in the tables and figures: pigeon HDL, human HDL, apoHDL/PC vesicles, FBS, or LPDS. As indicated in the figure legends, the basal culture medium for the efflux phase of these studies was medium A containing either 0.1% BSA or 1% FBS.
After the cholesterol efflux phase of the experiment, the cells were washed three times with 2 ml PBS and the cellular lipids were extracted by one of two methods. In the initial experiments, the cells were washed three times with PBS and then scraped from the dish with a cell scraper three times with 0.5 ml each of PBS. The cells were pelleted by centrifugation for 10 minutes at 500& resuspended in 1 ml of 0.9% NaCl and 0.01% EDTA, and sonicated. An aliquot was taken for deter- In later experiments, cellular lipids were extracted by adding 2 ml stigmasterol-containing isopropanol directly to the tissue culture dishes containing the washed cells. 28 After an overnight incubation in a sealed chamber at room temperature, the isopropanol containing the extracted lipids was removed and 1 ml of IN NaOH was added to the tissue-culture dish to digest the fixed cell monolayers. After 24 hours an aliquot was taken for protein determination.
Analytical Methods
Protein was determined on cells and lipoproteins by the procedure of Lowry et al 30 with BSA as a standard. Turbid lipoprotein samples were cleared by extraction of the Lowry reaction mixture with chloroform before measurement of absorbance. Lipoprotein phosphorus was determined by the method of Fiske and Subbarow. 31 Total and free cholesterol contents of the cellular and lipoprotein lipid extracts were quantified by the procedure of Ishikawa et al 32 by gas-liquid chromatography using a Hewlett-Packard model 5890 gas chromatograph with an autosampler. Separations were carried out at 240°C with an inlet and detector temperature of 270°C using a J&W Scientific 15-M megabore column (catalog No. 125-1712) with a film thickness of 1.0 /im of 50% phenylmethyl polysiloxane. The esterified cholesterol content of the cells was calculated as the difference between the total and free cholesterol contents. All data have been normalized to an average cellular protein content per dish to avoid inherent problems of interpreting cholesteryl ester clearance data when there may be some cell growth or change in cell protein content during the efflux phase of the experiment. 17 As indicated in the figure legends, all values for each point are either the average of duplicates or the mean±SD for 
Results
Initial studies were designed to determine the most effective methods for loading macrophages in vitro with cholesteryl esters. Our goal was to achieve cellular cholesteryl ester levels similar to those reported for foam cells in atherosclerotic arteries. Initially, pigeon /3-VLDL, rabbit /3-VLDL, and pigeon acetylated LDL were compared for their ability to induce cholesteryl ester loading in WC pigeon and mouse peritoneal macrophages. Incubation of macrophages obtained from either non-cholesterol-fed WC pigeons or mice for 48 hours with each of the three different lipoproteins caused some degree of cholesteryl ester accumulation in both cell types ( Figure 1 ). The most effective exogenous source of cholesterol for loading WC pigeon macrophages was rabbit /3-VLDL. Under the conditions of this experiment, cellular cholesteryl ester concentrations exceeding 300 /ig/mg cell protein were achieved. These data are consistent with previous results from our laboratory showing that more cholesteryl ester is delivered to pigeon macrophages via the general lipoprotein binding site to which rabbit /3-VLDL binds than through the /3-VLDL or scavenger receptors.
14 - 15 Unlike the pigeon macrophages, the mouse macrophages accumulated more cholesteryl ester when incubated with acetylated pigeon LDL than with either pigeon or rabbit /3-VLDL.
Since rabbit /3-VLDL was most effective in loading WC macrophages with cholesteryl esters, we tested whether under the same conditions WC and SR macrophages would accumulate different amounts of cholesterol from rabbit /3-VLDL. The data in Figure 2 show the effects of incubation for 48 hours with increasing concentrations of rabbit /3-VLDL on the cholesterol content of WC and SR pigeon macrophages. from both breeds was maximal at 150 jug/ml rabbit /3-VLDL protein, and in this experiment, the amount of loading with cholesteryl esters was similar for WC and SR cells. In contrast to the changes in the cellular esterified cholesterol content, there was little net increase in the free cholesterol content of the cells. The experiments shown in Figures 1 and 2 are representative of the high degree of cholesteryl ester loading that can be achieved when pigeon macrophages are incubated with rabbit /3-VLDL. As will be apparent, however, when comparing the extent of cholesteryl ester loading among experiments, there can be considerable variability. It is not clear whether this is due to differences in batches of cells, lipoproteins, or both. Pigeon macrophages containing high concentrations of cholesteryl esters can also be obtained by isolating elicited peritoneal macrophages from birds that have been fed a cholesterol-rich diet. The average and range of the cellular cholesteryl ester content for six batches each of WC and SR pigeon macrophages loaded with cholesteryl ester in vivo are shown in Table 1 . In some White Carneau (WC) and Show Racer (SR) macrophages were isolated from pigeons fed either a cholesterol-free diet or the same diet containing 0.5% cholesterol and 10% lard for at least 1 month. The free (FC) and esterified (EC) cholesterol contents were determined by gas-liquid chromatography. Shown are the mean±SD and ranges of cholesterol contents of cells from six independent experiments. For each experiment cells were pooled from six to nine birds from each diet group. To determine the potential for and the characteristics of the efflux of cholesterol from these macrophage foam cells, we initially incubated them with cholesterol acceptors that had been used extensively by others (e.g., HDL, LPDS, FBS).
-
28
- 34 The data in Figure 3A show the time course of "the changes in free and esterified cholesterol content for both WC and SR pigeon macrophages loaded with esterified cholesterol in vivo and incubated with 200 /xg protein per milliliter of WC pigeon HDL for up to 24 hours. Neither the WC nor the SR pigeon macrophages cleared a significant mass of esterified cholesterol when incubated for 24 hours with HDL. There was also no significant change in the free cholesterol content of either cell type. Similar results were seen with WC and SR macrophages incubated with 200 fig SR HDL protein per milliliter (data not shown). The cholesteryl ester content of WC and SR macrophages initially loaded with cholesterol in vivo also did not decrease when the cells were incubated with pigeon HDL isolated from birds fed a cholesterolcontaining diet (data not shown). LPDS (2.5 mg/ml) was also ineffective in promoting the efflux of cholesterol from WC and SR pigeon macrophages when incubated for up to 24 hours ( Figure 3B ).
The ability of FBS to stimulate cholesteryl ester clearance in pigeon macrophages was also examined. Neither WC nor SR pigeon macrophages initially loaded with cholesterol in vivo cleared a significant amount of cholesteryl ester in 24 hours when incubated with concentrations of FBS up to 20% (vol/vol) ( Figure  4 ). The failure of FBS to stimulate net cholesterol efflux from pigeon macrophages was not the result of a particular method of cholesterol loading, since WC and SR macrophages loaded with cholesterol in vitro by incubation with cationized LDL also did not reduce their cholesteryl ester content when incubated with FBS (data not shown). The failure of pigeon HDL to promote cholesterol efflux from cholesteryl ester-loaded pigeon macrophages is not the result of inadequate concentrations of HDL. This is demonstrated by the data in Figure 5 , which show the effect of increasing concentrations of WC pigeon HDL on cholesterol efflux in WC and SR pigeon macrophages that were initially loaded with cholesterol in vivo. After 24 hours of incubation there was no decrease in the esterified cholesterol concentration of either cell type at any concentration (100-1,500 /xg/ml) of HDL used. At higher concentrations of HDL there actually appeared to be an increase in the total cholesterol content of macrophages ( Figure 5A ). Similar results were seen with SR pigeon HDL (data not shown). The failure of HDL to stimulate cholesterol efflux from pigeon macrophages was not unique to cells that were loaded in vivo with cholesteryl esters. The failure of pigeon macrophages to clear cholesteryl esters to HDL was not dependent on the cholesterol loading mechanism, since WC and SR macrophages loaded with cholesterol in vitro by incubation with either a combination of pigeon acetylated LDL and pigeon /3-VLDL or cationized LDL also failed to clear a net amount of cholesterol to HDL (data not shown).
Having failed to show net cholesterol efflux from pigeon macrophages using a variety of cholesterol acceptors that have been shown by others to promote efflux in mouse peritoneal macrophages, 21 -28 ' 34 we carried out a series of parallel studies with mouse and pigeon macrophages by using both human and pigeon HDL. We also compared the capacity of pigeon HDL to that of human HDL to clear cholesteryl esters from mouse macrophages. We chose mouse macrophages because these cells have been studied extensively by others and have been shown to clear cholesteryl ester when incubated with human HDL. 21 ' 28 ' 34 As shown in Figure 6 , when elicited mouse peritoneal macrophages were incubated with human HDL, the cellular cholesteryl ester content decreased by approximately 40-60% of its initial concentration by 24 hours. In contrast, when the same batch of cells was incubated with the same concentration of pigeon HDL, the cholesteryl ester content was reduced by only 24% after 24 hours ( Figure 6 ). The rate of cholesteryl ester clearance was similar with pigeon and human HDLs for the first 12 hours, but thereafter there was little additional net efflux of cholesterol with pigeon HDL. This suggests that pigeon HDL is capable of promoting a similar initial rate of cholesteryl ester clearance from mouse macrophages, but its capacity as a cholesterol acceptor is less than that of human HDL. Incubation of WC pigeon macrophages for 24 hours with the same human HDL did not cause a significant decrease in the total or esterified cholesterol content of the cells ( Figure 7A ). However, the esterified cholesterol content of the SR pigeon macrophages was reduced by 30% when incubated for 24 hours with the human HDL ( Figure 7B ). Associated with this decrease in esterified cholesterol content was a smaller (15%) decrease in the total cholesterol content of the cells. This suggests that there was hydrolysis of cholesteryl ester and that excess free cholesterol was generated but that only a portion of this free cholesterol underwent efflux from the SR cells incubated with human HDL. In the next series of experiments, apoHDL/PC was used as the cholesterol acceptor in an attempt to stimulate net cholesteryl ester clearance from pigeon macrophages. By using cholesterol-depleted, PC-rich vesicles as acceptors, a larger free cholesterol gradient relative to that obtained with HDL could be created at the plasma membrane of these cells. 17 The data in Figure 8 show the changes in the free and esterified cholesterol contents of mouse and pigeon peritoneal macrophages that were initially loaded with cholesteryl esters in vitro and incubated for 24 hours with increasing concentrations of apoHDL/PC vesicles. As expected, the mouse cells cleared over 40% of their cholesteryl esters in 24 hours, with maximal clearance of cholesteryl esters observed at concentrations of apoHDL/PC of 100 jug protein/ml. Importantly, SR pigeon macrophages were also capable of clearing a significant amount of esterified cholesterol (40%) when incubated with apoHDL/PC. This is in contrast to the results with HDL, FBS, and LPDS as cholesterol acceptors. WC pigeon macrophages, however, were not capable of significantly reducing their cholesteryl ester stores even when incubated in the presence of high concentrations of apoHDL/PC. The lack of cholesteryl ester clearance from WC macrophages in the presence of apoHDL/PC vesicles was not concentration dependent, nor was it influenced by the particular cholesteryl ester loading method. This was evident from the similar results obtained in another experiment with WC pigeon macrophages that were initially loaded with cholesteryl esters in vivo to a level of 495 /xg esterified cholesterol per milligram of cell protein. In this experiment the WC macrophages retained 99% of their initial cholesteryl ester content when incubated for 24 hours with 50-400 /ig apoHDL/PC protein per milliliter (data not shown).
The data in Figure 9 show the time course of cholesteryl ester clearance from WC, SR, and mouse macrophages over a 48-hour time period. All three types of macrophages were initially loaded with cholesteryl esters by incubation in vitro with rabbit /3-VLDL for 48 hours. this experiment did clear some cholesteryl ester, it was at a considerably slower rate than the SR or mouse macrophages. A log-linear rate of cholesteryl ester clearance from WC and SR pigeon macrophages was also seen in cells that were initially loaded in vivo with cholesteryl ester (Figure 10 ). The half-time for cholesteryl ester clearance from these cells was 88 hours for the WC pigeon macrophages compared with 53 hours for the SR pigeon macrophages. The two cell types in this experiment were initially loaded with cholesteryl ester to a similar degree (215 and 195 Mg/ m g ce" protein for WC and SR macrophages, respectively), suggesting that the difference in rates of cholesteryl ester clearance between the macrophages was not the result of differences in extent of cholesterol loading. This fact is further supported by the first-order kinetics of cholesteryl ester clearance shown in Figures 9 and 10. To determine if the difference in the rate of cholesteryl ester clearance was a consistent property of macrophages from these breeds of pigeons, we compared the rates of cholesteryl ester clearance by using a standard protocol in 21 different batches of cells (Table  2) . Twelve experiments were carried out with WC pigeon macrophages and nine with SR pigeon macrophages. Cells from six to eight birds were pooled and used for each experiment. WC macrophages retained an average of 91% of their esterified cholesterol after 24 hours, whereas the SR macrophages retained an average of 58%. Thus, in 24 hours the WC macrophages cleared from 0% to 19% of their cholesteryl esters, whereas under the same conditions SR macrophages cleared 30-57%. This difference in cholesteryl ester clearance from WC and SR macrophages was highly significant (/7<0.01). Since the rate of cholesteryl ester clearance exhibited first-order kinetics, the differences in the initial concentrations of esterified cholesterol did not affect the calculation of the rate of cholesteryl ester clearance.
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Discussion
The efflux of cholesterol from a variety of cell types has been studied extensively. Time ( Hours )
FIGURE 6. Line plot showing effect of human (H) and pigeon (P) high density lipoprotein (HDL) on the time course of change in cholesterol content of mouse peritoneal macrophages. Elicited mouse peritoneal macrophages were loaded with cholesterol in vitro by incubation for 48 hours at 37"C with pigeon acetylated low density lipoprotein (100 fig protein per milliliter) in "medium A" containing 1% fetal bovine serum. After equilibration in medium A containing 1% fetal bovine serum for 16 hours at 37°C, the cells were incubated for up to 24 hours with medium A containing 1% bovine serum albumin and 400 fig protein per milliliter of either human HDL or White Carneau pigeon HDL. At the indicated times, cells were harvested and the cholesterol content was measured by gas-liquid chromatography. The results are expressed as a percentage of the initial cholesterol content and are the mean±SD for triplicate dishes at each point. The initial total cholesterol (TC) and esterified cholesterol (EC) contents of the cells were 730±83 and 630±74 liglmg cell protein, respectively.
bating macrophages in culture with specific lipoproteins but that different lipoproteins are required to load pigeon macrophages compared with mouse macrophages. Mouse macrophages accumulate large amounts of cholesteryl esters when incubated with acetylated LDL, consistent with the reports by others 13 that show a highly active scavenger receptor pathway in these cells. Pigeon peritoneal macrophages, on the other hand, accumulate only modest amounts of cholesterol when incubated with the same acetylated LDL, even though scavenger receptors have been demonstrated on the surface of these cells.
14 Our results are consistent with this previous report, indicating that the scavenger receptor is not as effective in stimulating cholesteryl ester accumulation in pigeon macrophages as it is in mouse macrophages. In contrast, pigeon macrophages accumulate large amounts of cholesterol by incubation with rabbit /3-VLDL. Rabbit /3-VLDL does not bind to the scavenger receptor on pigeon macrophages 14 or to the pigeon LDL//3-VLDL receptor. 15 Instead, it binds to a low-affinity site that has high capacity and recognizes a number of lipoproteins, including pigeon LDL, HDL, and /3-VLDL. 15 We have termed this the "lipoprotein binding site." 15 Rabbit /3-VLDL is internalized and degraded efficiently by pigeon macrophages, and its uptake via the lipoprotein binding site is not downregulated by cholesterol loading of the cells. 15 This binding site may also mediate the independent uptake of cholesterol. 15 As a result, we have postulated that the lipoprotein binding site may play an important role in the delivery of cholesterol to macrophages of atherosclerotic plaques, where microdomains of high concentrations of lipoproteins may exist. Although this is potentially a major mechanism for the formation of macrophage foam cells in pigeons, we have seen no consistent differences in the ability of macrophages from WC and SR pigeons to accumulate cholesterol when incubated in vitro with rabbit /3-VLDL. 15 Cellular cholesterol homeostasis can be regulated not only by cholesterol input but also by cholesterol loss, or efflux. 
21
- 34 As with human HDL, our studies showed that pigeon HDL was also able to promote net cholesterol efflux from mouse macrophages, although the capacity was less for pigeon HDL than human HDL. Unlike mouse peritoneal macrophages, pigeon macrophages showed little net efflux Time ( Hours ) 28 and rabbit macrophages, 34 ' 36 also do not lose net amounts of cholesterol efficiently to these acceptors. Thus, the efficiency with which mouse peritoneal macrophages lose cholesterol to these acceptors appears to be the exception rather than the rule. The molecular mechanisms for these differences are not clear.
FIGURE 7. Line plots showing the time course of the effect of human high density lipoprotein (HDL) on the distribution of cellular free cholesterol (FC), esterified cholesterol (EC), and total cholesterol (TC) in
One possibility is that HDL may promote cholesterol efflux from pigeon macrophages but that at the same time approximately equal amounts of free and perhaps even esterified cholesterol may be taken up by the cells from HDL. Such a possibility is suggested by the net accumulation of cholesterol in pigeon macrophages incubated with high concentrations of pigeon HDL ( Figure 5) . Alternatively, the inability of pigeon macrophages to clear cholesteryl esters to HDL could be due to the failure of a critical cellular process to respond to HDL. Aviram et al 37 have suggested that HDL binding may stimulate the translocation of free cholesterol from intracellular pools to the plasma membrane, where it is made available for efflux from the cell. Whether this or other processes are lacking in pigeon macrophages is unknown. Another possibility is that the composition of the plasma membrane of pigeon macrophage foam cells is such that HDL, LPDS, and FBS do not provide sufficient chemical potential to promote desorption of free cholesterol, even though the same agents effectively promoted cholesterol efflux from mouse macrophages. This is consistent with our data showing that a more potent cholesterol acceptor, apoHDL/PC, is required to promote net cholesterol efflux from pigeon macrophages.
Although HDL, LPDS, and FBS did not promote net cholesterol efflux from pigeon macrophages, it was possible to stimulate cholesterol efflux when apoHDL/ PC was used as the cholesterol acceptor. When cholesterol-loaded pigeon and mouse macrophages were incubated with concentrations of apoHDL/PC that were not rate limiting for cholesteryl ester clearance (>100 fig protein per milliliter) , there was a log-linear (first-order) rate of loss of cholesteryl esters from the cells and little change in the free cholesterol content (Figures 8, 9 , and 10). These results are similar to those observed by Bernard et al 28 in experiments with J774, P388D, and rat hepatoma cells, in which these cells also did not reduce their cholesteryl ester stores significantly when incubated with HDL but did so when incubated in the presence of a cholesterol acceptor such as apoHDL/PC. This suggests that even cholesteryl ester-loaded cells that do not lose cholesterol to some acceptors will clear a net amount of cholesterol when a sufficient free cholesterol gradient is created at the cell surface.
The principal finding of the present studies is that the rate of cholesteryl ester clearance from cholesteryl ester-loaded pigeon macrophages in the presence of apoHDL/PC is significantly less for the WC cells than SR cells. This difference in the rate of cholesteryl ester clearance from WC and SR macrophages is not only highly significant statistically when compared in a large number of experiments with different batches of cells, but also the magnitude of the difference is large. WC cells lost an average of 9% of their initial cholesteryl ester content in 24 hours while SR cells lost 42%. This difference in the rate of cholesteryl ester clearance was first order and thus was not dependent on the initial cholesterol concentration of the cells.
Since the concentration of apoHDL/PC used in these studies was not rate limiting for cholesteryl ester clearance, the different rates of clearance must be mediated at the level of the cells and probably represent a genetically determined property of the macrophages from WC and SR pigeons. Future studies will be needed to determine the specific cellular mechanisms responsible for this difference in cholesteryl ester clearance. A number of potential regulatory processes can be identified. One possibility is a de- Regardless of the mechanism, it is tempting to speculate about how this difference in the rate of cholesterol efflux from WC and SR macrophage foam cells may relate to their differences in susceptibility to atherosclerosis. From previous studies we know that macrophages play a key role in the initiation and progression of atherosclerosis in WC pigeons, 9 " 12 as they do in other animals and in humans. We also know that plasma lipoproteins normally pass into and out of the arterial wall and accumulate in higher concentrations at sites that are susceptible to atherosclerosis. 43 Since pigeon macrophages are attracted to these sites by chemotactic factors, 44 they may come in contact with high concentrations of lipoproteins in the arterial wall. The macrophages could take up some of these plasma lipoproteins, or in more-advanced atherosclerotic plaques, even lipidrich extracellular debris from dead cells could be taken up by phagocytosis, resulting in a high rate of cholesterol input to the cells. Under such conditions the steady-state level of cholesterol accumulation will be dependent on the rate of uptake of cholesterol (WC and SR macrophages have similar abilities to take up lipoprotein cholesterol) minus the ability of the cells to lose cholesterol to available acceptors. Since cholesterol efflux is more efficient in SR macrophages than in WC macrophages, SR macrophages may be able to reduce the rate of accumulation of cholesteryl esters and ultimately the development of atherosclerosis. A better understanding of the cellular mechanism that mediates these differences in cholesterol efflux could potentially lead to new approaches for the treatment and prevention of atherosclerosis. White Carneau and Show Racer macrophages were loaded with cholesterol in vivo or in vitro by incubation with rabbit /3-very low density lipoprotein as described in "Methods." After the loading and equilibration phases, cells were incubated for 24 hours at 37°C in "medium A" containing 1% fetal bovine serum alone or with 400 p.% apoprotein high density lipoprotein/phosphatidylcholine protein per milliliter. Cells were then harvested, and the cellular cholesterol content was measured by gas-liquid chromatography. The results from 21 experiments are shown. For each experiment cells were isolated and pooled from six to eight birds. Results for each experiment are the mean±SD for triplicate dishes for both initial and final esterified cholesterol (EC) concentrations. The percentage of EC retained represents the difference in the EC content of the cells after 24 hours' incubation with apoprotein high density lipoprotein/phosphatidylcholine compared with their initial EC concentration.
'Experiments where cells were loaded with cholesteryl ester in vivo.
